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Although MDM2 plays a major role in regulating the stability of the p53 tumor suppressor protein, other
poorly understood MDM2-independent pathways also exist. Human adenoviruses have evolved strategies to
regulate p53 function and stability to permit efficient viral replication. One mechanism involves adenovirus
E1B55K and E4orf6 proteins, which collaborate to target p53 for degradation. To determine the mechanism of
this process, a multiprotein E4orf6-associated complex was purified and shown to contain a novel
Cullin-containing E3 ubiquitin ligase that is (1) composed of Cullin family member Cul5, Elongins B and C,
and the RING-H2 finger protein Rbx1(ROC1); (2) remarkably similar to the von Hippel-Lindau tumor
suppressor and SCF (Skp1–Cul1/Cdc53–F-box) E3 ubiquitin ligase complexes; and (3) capable of stimulating
ubiquitination of p53 in vitro in the presence of E1/E2 ubiquitin-activating and -conjugating enzymes. Cullins
are activated by NEDD8 modification; therefore, to determine whether Cullin complexes are required for
adenovirus-induced p53 degradation, studies were conducted in ts41 Chinese hamster ovary cells that are
temperature sensitive for the NEDD8 pathway. E4orf6/E1B55K failed to induce the degradation of p53 at the
nonpermissive temperature. Thus, our results identify a novel role for the Cullin-based machinery in
regulation of p53.
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The p53 cellular tumor suppressor induces cell cycle ar-
rest and apoptosis by functioning as a transcriptional
regulator (for review, see Woods and Vousden 2001). In-
tracellular levels of activated p53 are known to be regu-
lated by a variety of mechanisms, including phosphory-
lation, acetylation, and targeted degradation. In most
cells p53 is degraded, at least in part, through ubiquitin-
dependent proteolysis involving MDM2 (for review, see
Woods and Vousden 2001), which binds near the N ter-
minus and functions as an E3 ubiquitin ligase for p53

(Honda et al. 1997). Nuclear export appears to be re-
quired for MDM2-dependent p53 degradation, which is
blocked by both the drug leptomycin B (Roth et al. 1998;
Lain et al. 1999) and the p53-binding protein ARF
(for review, see Zhang and Xiong 2001). ARF binds
MDM2, thus blocking MDM2-mediated ubiquitina-
tion and degradation. Although MDM2 is clearly a major
regulator of p53 stability, MDM2-independent cellu-
lar pathways for p53 degradation exist, including the c-
Jun N-terminal kinase (JNK), which binds to and desta-
bilizes p53 (Fuchs et al. 1998), and calpain proteases
(Gonen et al. 1997; Kubbutat and Vousden 1997; Zhang
et al. 1997).
Infection of cells by many viruses induces the stabili-

zation and activation of p53 (for review, see Roulston et
al. 1999). In the case of human adenoviruses, binding of
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the viral early region 1A (E1A) protein with either the
retinoblastoma tumor suppressor family or p300/CBP/
p400 histone acetyl transferases induces the activation,
stabilization, and accumulation of p53 (Chiou and White
1997; Querido et al. 1997b; Samuelson and Lowe 1997).
Increased levels of p53 could therefore result in the in-
duction of cell cycle arrest and early apoptotic cell death,
effects that would severely limit the yield of viral prog-
eny. Adenoviruses and other small DNA tumor viruses
have evolved various types of mechanisms to prevent the
deleterious effects of p53. The large T antigen of simian
virus 40 binds to the DNA-binding domain of p53 and
prevents p53-mediated transcriptional effects (Sarnow et
al. 1982; Bargonetti et al. 1992). This process leads to a
large accumulation of p53, but it is nonfunctional. The
E6 products of human papillomavirus types 16 and 18
bind p53 (Werness et al. 1990) and target it for degrada-
tion by the ubiquitin pathway. Targeting is mediated by
a cellular E6-associated protein, E6AP-100K, that func-
tions as a ubiquitin ligase, with E6 functioning as a
bridge between the ligase and the p53 substrate (Scheff-
ner et al. 1993).
Although adenovirus E1A can induce a large accumu-

lation of p53 when expressed alone, such increased
p53 levels are not usually apparent in wild-type adeno-
virus-infected cells. Two products of early regions 1B
and 4, E1B55K and E4orf6, bind p53 near the N and C
termini, respectively, and inhibit transcriptional activa-
tion by the tumor suppressor (Sarnow et al. 1982;
Yew and Berk 1992; Yew et al. 1994; Dobner et al. 1996;
Teodoro and Branton 1997; E. Querido, S. Gurd, and
P.E. Branton, unpubl.). In addition, several studies, in-
cluding our own, have shown that E4orf6 and E1B55K
function together to reduce the half-life of p53 and in-
duce efficient p53 degradation (Moore et al. 1996;
Querido et al. 1997a; Steegenga et al. 1998; Cathomen
andWeitzman 2000; Nevels et al. 2000; Shen et al. 2001).
Furthermore, the E1B55K/E4orf6 complex (Sarnow et al.
1984) can induce p53 turnover in cells lacking either
MDM2 or ARF, indicating that neither is required for
this process (Querido et al. 2001). E4orf6 is a nuclear
protein containing both nuclear localization and nu-
clear retention signals that are believed to be respon-
sible for targeting E4orf6 and E4orf6/E1B55K complexes
to the nucleus (Goodrum et al. 1996; Orlando and Or-
nelles 1999; Nevels et al. 2000). In addition, both E4orf6
and E1B55K have nuclear export signals, and several
groups have shown they can shuttle between the nucleus
and the cytoplasm (Dobbelstein et al. 1997; Weigel
and Dobbelstein 2000; Rabino et al. 2000; Dosch et al.
2001).
In the present studies, we have determined the mecha-

nism of adenovirus-induced p53 degradation through the
identification of E4orf6-associated cellular proteins.
Such proteins were found to be members of a novel Cul-
lin-containing complex that is required for E4orf6–
E1B55K-mediated p53 degradation and capable of induc-
ing ubiquitination of p53 in vitro. These findings suggest
that similar complexes could also function in the regu-
lation of p53 levels in normal cells.

Results

Identification of cellular E4orf6-binding proteins.

To investigate the roles of the E1B55K and E4orf6 pro-
teins in regulating p53 destruction in adenovirus-in-
fected cells, we affinity purified an E4orf6-containing
complex from whole cell extracts of [35S]methionine/
[35S]cysteine-labeled p53-null human H1299 cells in-
fected with either an adenovirus vector expressing Ad5
E4orf6 (AdE4orf6) or the control vector AdLacZ. Using
this procedure, we observed that approximately stoichi-
ometric amounts of 35S-labeled cellular proteins of ∼ 84
kD, 19 kD, and 14 kD, as well as lower levels of a 16-kD
protein, were reproducibly and specifically immunopre-
cipitated with the monoclonal antibody 1D5 raised
against E4orf6 (Fig. 1A; Boivin et al. 1999). Ion trap mass
spectrometry of the E4orf6-associated proteins revealed
that the ∼ 84-kD protein was the Cullin family member
Cul5 (Kipreos et al. 1996; Byrd et al. 1997), also known as
the vasopressin-activated calcium mobilization receptor
or VACM-1, and that the ∼ 19-kD and 14-kD proteins
were Elongins B and C, respectively.
We have previously constructed and partially charac-

terized a series of E4orf6 in-frame deletion mutants
(Querido et al. 2001). Consistent with the hypothesis
that the coimmunoprecipitating E4orf6/Cul5/ElonginBC
complex is involved in the destabilization of p53, we
observed a correlation between the ability of E4orf6 mu-
tants to promote p53 degradation and to bind not only
E1B55K but also Elongin B and Elongin C (Fig. 1B–D). To
determine the ability of E4orf6 mutants to participate in
p53 degradation, p53-null H1299 cells were cotrans-
fected with cDNAs expressing human p53, histidine-
tagged E1B55K (HH55Kwt), and wild-type or mutant
E4orf6. As shown in Figure 1D, p53 levels were reduced
in whole cell extracts from cells expressing E1B55K and
wild-type E4orf6 or E4orf6 mutants dl1–38 and dl35–43
(lanes 2,3,6), but not from cells expressing E4orf6 mu-
tants dl1–55, dl1–108, dl49–64, dl65–83, dl83–94, or
dl95–122. Similarly, endogenous Elongin BC could be
immunoprecipitated with wild-type E4orf6 and mutants
dl1–38 and dl35–43, but not with any of the other mu-
tants tested, suggesting that a region required for the
interaction may reside between residues 44 and 108 of
E4orf6. Interaction of E4orf6 with E1B55K is not suffi-
cient to promote degradation of p53, as several of the
E4orf6 mutant proteins that could still bind E1B55K but
failed to bind Elongin BC also failed to support p53 deg-
radation (Fig. 1C).
The mammalian Elongin BC complex was shown to

function as a regulator of RNA polymerase II elongation
factor Elongin A (for review, see Reines et al. 1999). Elon-
gin BC is also a component of the large von Hippel-
Lindau (VHL) tumor suppressor complex (Duan et al.
1995; Kibel et al. 1995). Binding of Elongin BC with both
Elongin A and VHL appears to involve the interaction of
Elongin C with a short region termed the BC-box (con-
sensus sequence [A,P,S,T]LXXXCXXX[A,I,L,V]), which is
found in VHL and Elongin A (Duan et al. 1995; Kibel et
al. 1995; Aso et al. 1996; Stebbins et al. 1999; Ohh et al.
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2000). In addition, Elongin BC binds to many additional
proteins, including members of the so-called SOCS-box
protein family, each of which contains an Elongin BC-
binding site (Kamura et al. 1998; Zhang et al. 1999). The
VHL complex was shown to function as an E3 ubiquitin
ligase (Iwai et al. 1999; Lisztwan et al. 1999) that targets
the �-subunits of the hypoxia-inducible transcription
factors HIF1 and HIF2 for ubiquitination (Maxwell et al.
1999; Cockman et al. 2000; Kamura et al. 2000; Ohh et
al. 2000). VHL functions as a substrate recognition sub-
unit (Cockman et al. 2000; Kamura et al. 2000; Ohh et al.
2000), whereas Elongins B and C serve to link these
proteins to a module containing Cul2 and Rbx1. The

Cul2/Rbx1 module activates an E2 ubiquitin-conjugat-
ing enzyme to ubiquitinate HIF-� (Kamura et al. 2000).
The VHL complex is remarkably similar to the yeast and
mammalian SCF ubiquitin ligase complexes (for review,
see Patton et al. 1998), each of which contain an F-box
protein substrate recognition subunit linked to a
Cul1(Cdc53)/Rbx1 module by the Skp1 protein (Kamura
et al. 1999; Ohta et al. 1999; Seol et al. 1999; Skowyra et
al. 1999; Tan et al. 1999). Thus, the association of a Cul-
lin family member and Elongin BC with E4orf6 could
suggest that the adenovirus E4orf6 and E1B55K proteins
target p53 for degradation by forming a Cullin E3 ligase
and recruiting it to p53.

Figure 1. Analysis of E4orf6 complex formation. (A) Detection of E4orf6 complexes. Extracts from H1299 cells infected with AdLacZ
or AdE4orf6 and labeled with 35S were immunoprecipitated with 1D5 anti-E4orf6 antibody followed by SDS-PAGE and autoradiog-
raphy. Two exposures have been included: positions of migration of prestained standard size markers (left) and those of E4orf6 and
coimmunoprecipitating proteins (right). Identities for these species were derived from mass spectroscopy analysis of tryptic peptides.
(B) Analysis of complex formation using E4orf6 deletion mutants. H1299 cells were transfected with plasmid DNAs encoding
wild-type or mutant E4orf6, and extracts were immunoprecipitated and analyzed as in A. Coimmunoprecipitation of p19 and p14
cellular proteins with E4orf6 has been summarized below as + and −. Binding of p84 showed a similar pattern, as determined from other
exposures of the gel (data not shown). Binding of E4orf6 to E1B55K (shown in C) and p53 turnover experiments with E4orf6 and E1B55K
(D) have also been indicated as + and −. (C) Complex formation between E4orf6 mutants and E1B55K. Extracts from H1299 cells
transfected with plasmid DNAs expressing E1B55K (pCA14 HH55K) and wild-type or mutant E4orf6 proteins (pcDNA3E4orf6) were
immunoprecipitated with anti-E1B55K antibody (2A6), and membranes were immunoblotted with anti-E4orf6 antibody (1807). (D)
E4orf6/E1B55K-induced turnover of p53. H1299 cells were transfected with plasmid DNAs pcDNA3 p53wt (p53), pCA14 HH55K
(E1B-55K), and pcDNA3E4orf6 (wild-type or mutant E4orf6), and extracts were analyzed by Western blotting using anti-p53 antibodies
1801 and 421.
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To confirm the interaction of Elongin BC with E4orf6,
H1299 cells were infected with either the control adeno-
virus vector AdLacZ (Fig. 2A, lane 1) or with vectors
encoding E4orf6 (lane 2) or a combination of vectors ex-
pressing E4orf6, His-tagged E1B55K, and p53 (lane 3).
Western blotting with the anti-E4orf6 antibody 1807,
with anti-Elongin B antiserum, or with an anti-Elongin C
antibody was then performed on whole cell extracts (left)
or on proteins immunoprecipitated with anti-E4orf6 1D5
monoclonal antibody (right). As expected, E4orf6 was de-
tected only in whole cell extracts from E4orf6-expressing
cells (top panel). Elongin B (middle panel) and Elongin C
(bottom panel) were specifically precipitated with E4orf6
whether or not E1B55K and p53 were present. Figure 2B
shows that neither VHL nor Elongin A coimmunopre-

cipitated with E4orf6. Confirming that VHL is not re-
quired for E4orf6/E1B55K-mediated p53 degradation,
both human VHL-positive and VHL-null tumor cell lines
supported p53 turnover by these viral proteins at similar
levels (data not shown).
To verify the interaction of E4orf6 and Cul5, nuclear

and cytoplasmic extracts were prepared from cells in-
fected with AdLacZ or AdE4orf6 and immunoprecipi-
tated with anti-E4orf6 antibody 1D5. Following Western
blot analysis, an antibody raised against rabbit Cul5
(VACM-1; Burnatowska-Hledin et al. 1995) detected two
closely migrating Cul5 species in cytoplasmic fractions
from AdLacZ-infected (Fig. 2C, lane 1) and AdE4orf6-
infected cells (Fig. 2C, lane 2); however, in 1D5 immu-
noprecipitates and in nuclear fractions, Cul5 was only

Figure 2. Identification of E4orf6 binding
proteins. (A) H1299 cells were infected
with AdLacZ (lane 1), AdE4orf6 (lane 2), or
AdE4orf6 plus AdHH55K plus Adp53wt
(lane 3). Whole cell extracts (left three
lanes) and 1D5 immunoprecipitates (right
three lanes) were analyzed by Western
blotting using anti-E4orf6 antibody 1807
(top), anti-Elongin B antibody (middle),
and anti-Elongin C antibody (bottom). (B)
Same as Figure 1A except that immuno-
blotting was performed with anti-VHL
Ig32 antibody (top) or anti-Elongin A anti-
body (bottom). At the right (lane 1) is
shown an immunoprecipitate prepared
with anti-Elongin A and blotted with the
same antibody. (C) H1299 cells were in-
fected with AdLacZ (lane 1) or AdE4orf6
(lane 2), and cytoplasmic and nuclear ex-
tracts as well as whole cell extracts were
prepared. Whole cell extracts immunopre-
cipitated with 1D5 anti-E4orf6 antibody
were analyzed by Western blotting using
either a polyclonal antibody to rabbit
VACM-1 (left six lanes) or a polyclonal an-
tibody against human Cul5 (right two
lanes). E4orf6 (bottom) was detected using
1807 antibody. (D) Human Cul1, Cul2,
Cul3, and Cul5 and mouse Cul4A were
synthesized (top) by in vitro transcription/
translation, and aliquots of these 35S-la-
beled proteins were combined with 1D5
immunoprecipitates from AdLacZ-in-
fected (middle) or AdE4orf6-infected (bot-
tom) H1299 cells. (E) H1299 cells were
transfected with plasmid DNAs express-
ing Myc–Rbx1 (lane 1), E4orf6 (lane 2), and
Myc–Rbx1 plus E4orf6 (lane 3). Whole cell
extracts (left lanes) or 1D5 immunopre-
cipitates (right lanes) were analyzed by
Western blotting with anti-Myc 9E10 an-
tibody. (F) Human 293 cells were infected
with wild-type Ad5 at a MOI of 40, and at
15 h postinfection, cell extracts were pre-
pared and immunoprecipitated with either
anti-E4orf6 (1809) or anti-E1A (M73) anti-
bodies. The pattern of associated proteins
determined by Western blotting as above.
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detected when E4orf6 was present (Fig. 2C, cf. lanes 1
and 2). To confirm that this species represented Cul5, an
antipeptide polyclonal antiserum was raised against a
synthetic peptide corresponding to the C terminus of
human Cul5. Figure 2C shows that similar results were
obtained with this antiserum (see lanes 1 and 2 at right).
When this work commenced, Cul5 had not been shown
to play a role in ubiquitination; however, in parallel
studies we have found that it appears to be a component
of a larger family of Elongin BC-based E3 ubiquitin li-
gases (Kamura et al. 2001). It was also suggested recently
that Cul5 is able to form a complex that ubiquitinates
E2F1 in vitro (Ohta and Xiong 2001). To determine
whether E4orf6 can associate with other members of the
Cullin family, in vitro translated human Cul1, Cul2,
Cul3, and Cul5 or mouse Cul4a were tested for the abil-
ity to bind 1D5 immunoprecipitates from AdLacZ- or
AdE4orf6-infected H1299 cells. As shown in Figure 2D,
all Cullins were synthesized at similar levels (top); how-
ever, only Cul5 was specifically precipitated with E4orf6
(bottom panels).
The 16-kD Rbx1 (ROC1) protein is a component of

both the SCF and VHL tumor suppressor complexes (Ka-
mura et al. 1999; Ohta et al. 1999; Seol et al. 1999; Skow-
yra et al. 1999; Tan et al. 1999). As shown in Figure 2E,
myc-tagged Rbx1 specifically co-immunoprecipitated
with E4orf6 from cells transfected with cDNAs express-
ing these two proteins. Thus, Rbx1 associates with
E4orf6 and probably represents the 16-kD species de-
tected at low levels in Figure 1A.
To determine if the Cul5/ElonginB/C complex also as-

sociates with E4orf6/E1B55K during productive infec-
tion, human 293 cells were infected with wild-type Ad5
and cell extracts prepared at 15 h post-infection were
immunoprecipitated using either anti-E4orf6 antibodies
(1807) or, as a control, anti-E1A M73 mouse monoclonal
antibodies (Harlow et al. 1985). Analysis by Western
blotting using appropriate antibodies indicated that Cul
5 (appearing again as a doublet), Elongin B, and Elongin C
were detected in association with E4orf6 but not with
E1A products (Fig. 2F). E1B55K also associated with
E4orf6, as shown many times previously (Querido et al.
2001). The material present in the position of migration
of E1B55K in the M73 immunoprecipitate was undoubt-
edly antibody heavy chain, as this protein has not been
found previously to associate with E1A products.
As a final verification of the interaction of E4orf6 and

E1B55K with Cul5, Elongin BC, and Rbx1, Sf21 insect
cells were infected with various combinations of bacu-
loviruses encoding E4orf6, E1B55K, Elongin BC, HA-
tagged Cul5 (HA-Cul5), and c-myc-tagged Rbx1 (cmyc–
Rbx1), and complexes were immunoprecipitated from
cell lysates with either 1D5 antibodies against E4orf6 or
antibodies against the HA-epitope and subjected to im-
munoblotting. As shown in Figure 3, complexes contain-
ing E4orf6, E1B55K, Cul5, Elongin BC, and Rbx1 could
be isolated from insect cells. Consistent with the results
obtained in mammalian cells, the interaction of E4orf6
with Cul5, Elongin BC, and Rbx1 did not require
E1B55K. In addition, Elongin BC and Cul5 were able to

interact with E4orf6 in lysates from cells not overex-
pressing other complex components. This observation
does not, however, necessarily imply that Cul5/Rbx1
binds directly to E4orf6, as previous results indicate that
insect Elongins B and C can assemble into functional
complexes with mammalian Elongin BC-binding pro-
teins and Cullins (Brower et al. 1999; Kamura et al.
2000). Taken together, the findings presented thus far
indicate that E4orf6 can assemble with Elongin BC,
Cul5, and Rbx1 in a complex that is distinct from the

Figure 3. Reconstitution of E4orf6/E1B55K/Cul5/Rbx1/Elon-
gin B and C complexes in Sf21 cells. Sf21 cells were infected
with baculoviruses encoding the proteins indicated. The lysates
were immunoprecipitated using either anti-HA (12CA5) or anti-
E4orf6 (1D5) antibody. Crude lysates (top) and washed immune
complexes (middle, bottom) were separated by SDS-PAGE and
immunoblotted with the indicated antibodies.
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Elongin BC-containing complexes formed with VHL and
Elongin A.

E4orf6 relocates Cul5 but not Cul2 to the nucleus

Given the remarkable architectural similarity between
Cul1/Cdc53-containing SCF and Cul2-containing VHL
ubiquitin ligases and the E4orf6 complex, these results
raise the possibility that the complex of E4orf6, Cul5,
Elongin BC, and Rbx1 may also function as a ubiquitin
ligase. Because E4orf6 is found largely in the nucleus
(Goodrum et al. 1996; Dobbelstein et al. 1997) and Cul5
had been reported previously as largely cytoplasmic (Bur-
natowska-Hledin et al. 1999), it was important to deter-
mine whether Cul5 and E4orf6 colocalize in cells. H1299
cells were transfected with cDNAs expressing human
HA-Cul5 or HA-Cul2 and/or E4orf6, and cells were ex-
amined by laser confocal microscopy. E4orf6 was de-
tected using a rabbit polyclonal antibody (1807) directed
toward the E4orf6 C terminus (Boivin et al. 1999) and
visualized using Alexa 594 anti-rabbit antibody (red
color). The Cullins were detected using mouse monoclo-
nal anti-HA antibodies and visualized using Alexa 488
anti-mouse antibody (green color). Figure 4 shows ex-
amples of the staining patterns obtained and are repre-
sentative of the majority of cells in the preparations. Fig-
ure 4, G and H, shows that when expressed indepen-
dently, Cul2 (Fig. 4G) and Cul5 (Fig. 4H) were localized
primarily to the cytoplasm, whereas E4orf6 (Fig. 4I) was
largely nuclear. Figure 4, A–C and D–E, shows cells that
coexpressed E4orf6 and either Cul5 or Cul2, respec-

tively. In the presence of E4orf6, Cul5 (Fig. 4A), but not
Cul2 (Fig. 4D), was present at high levels in the nucleus.
The appearance of yellow nuclear fluorescence following
superimposition of Figure 4, panels A and B (Fig. 4C),
indicated that Cul5 co-localized in the nucleus with
E4orf6. This was not the case with Cul2, as the nuclear
fluorescence remained largely unchanged following su-
perimposition of Figure 4, D and E (Fig. 4F). These data
are consistent with our observation that E4orf6 binds
preferentially to Cul5, and they suggest that E4orf6 may
transport Cul5 to the nucleus, as it does E1B55K (Goo-
drum et al. 1996). We also tested the ability of E4orf6
mutants dl1–38, dl1–55, and R240E/R241E to direct
nuclear localization of Cul5. The E4orf6 mutant dl1–38
was wild-type in its ability to direct Cul5 to the nucleus,
whereas the other two mutants were deficient (data not
shown). These observations correlate with the ability of
these mutants to cooperate with E1B55K in p53 turnover
(Fig. 1; Querido et al. 2001).

E4orf6 complex ubiquitinates p53 in vitro

To test directly the possibility that the E4orf6 complex
can function as an E3 ubiquitin ligase that targets p53,
we examined the ability of immunopurified E4orf6 com-
plexes to support the ubiquitination of recombinant p53
in vitro. Conjugation of ubiquitin to target proteins re-
quires, in addition to an E3 ubiquitin ligase, an E1 ubiq-
uitin-activating enzyme that transfers ubiquitin to the
active site cysteine of an E2 ubiquitin-conjugating en-
zyme. E2 and E3 then act together to catalyze the forma-

Figure 4. Intracellular colocalization of
E4orf6 and Cul5. H1299 cells were trans-
fected with plasmid DNAs expressing
HA–Cul2, HA–Cul5, or E4orf6, and cells
were fixed and examined by laser confocal
microscopy. E4orf6 was detected using
rabbit polyclonal antibody (1807) and Al-
exa 594 (red) anti-rabbit IgG antibody. HA-
tagged human Cul2 and Cul5 were de-
tected using mouse monoclonal anti-HA
antibody (HA.11) and Alexa 488 (green)
anti-mouse IgG antibody. (A–C) HA–Cul5
and E4orf6. (D–F) HA–Cul2 and E4orf6. C
and F were generated by scanning for both
the red and the green signal to detect any
colocalization as bright yellow. (G) HA–
Cul2 alone. Bar, 20 µm; cells shown are
representative. (H) HA–Cul5 alone. (I)
E4orf6 alone.
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tion of an isopeptide bond between lysine residue(s) on
the target protein and the C terminus of ubiquitin. The
E3 binds both the target protein and E2 and accordingly
plays a central role in determining the substrate speci-
ficity of the reaction. Cul5, E1B55K, Rbx1, and Elongins
B and C were expressed in insect cells, with or without
E4orf6, and insect cell lysates were immunoprecipitated
with anti-E4orf6 1D5 antibodies. Immunoprecipitated
complexes were supplemented with various concentra-
tions of recombinant p53 and with recombinant yeast
ubiquitin-activating enzyme (yUba1), the E2 ubiquitin-
conjugating enzyme hUbc5A, ATP, and GST–
ubiquitinK48R. Ubiquitination of p53 was assessed by the
appearance of slower-migrating forms of p53, as detected
by Western blotting using an anti-p53 monoclonal anti-
body. The ∼ 35-kD GST–ubiquitin fusion protein GST–
ubiquitinK48R was used in these reactions because it
causes a larger and more easily visualized shift in the
migration of p53 than does the ∼ 7-kD ubiquitin mol-
ecule. In addition, GST–ubiquitinK48R does not effi-
ciently form polyubiquitinated products, resulting in a
simpler pattern of GST–ubiquitin–p53 conjugates. Figure
5A (left three lanes) shows that in the absence of 1D5
immunoprecipitate, low levels of ubiquitinated p53
could be detected in the presence of 65 ng of recombi-
nant p53, but not in the absence of p53 or with 20 ng of
p53. Identical background levels of p53 ubiquitination
were observed in reactions containing no immunopre-
cipitates (left three lanes) or 1D5 immunoprecipitates
from cells not expressing E4orf6 (middle three lanes). In
the presence of immunoprecipitates from cells express-
ing E4orf6 (right three lanes), significantly higher levels
of ubiquitinated p53 were formed in reactions containing
either 20 or 65 ng of p53. As expected, formation of p53-
ubiquitin conjugates depends on the presence of E1 ubiq-
uitin-activating enzyme, E2 ubiquitin-conjugating en-
zyme, and GST–ubiquitin (Fig. 5B). Only background
levels of ubiquitinated p53 were formed in reactions per-
formed with immunoprecipitates from cells expressing
E4orf6 alone, in the absence of other proteins of the
E4orf6 complex (data not shown). Taken together, these
results argue that the E4orf6 complex can function with
a ubiquitin-activating enzyme and a ubiquitin-conjugat-
ing enzyme to facilitate p53 ubiquitination in vitro, and
they are consistent with the idea the E4orf6/E1B55K
complex targets p53 for ubiquitination and subsequent
degradation via this Cul5/Elongin BC/Rbx1 complex in
cells.

Degradation of p53 by E4orf6–E1B55K requires
functional Cullins

Although we have shown that E4orf6 binds to a Cul5/
Elongin BC/Rbx1 complex that is capable of the in vitro
ubiquitination of p53 and that this interaction correlates
with the ability of E4orf6/E1B55K to degrade p53, we
wished to show that Cullins are required for adenovirus-
mediated p53 degradation. Some time ago, a Chinese
hamster ovary (CHO) cell line, ts41, was isolated
(Hirschberg and Marcus 1982). ts41 cells are temperature

sensitive for progression into G2/M and thus undergo
multiple rounds of DNA synthesis without cell division
(Handeli and Weintraub 1992). Recently, ts41 cells have
been shown to be defective in the NEDD8 activation
pathway. The ts41 mutation can be complemented by
overexpression of amyloid precursor protein-binding pro-
tein 1 (APP-BP1), which together with hUba3 forms the
NEDD8-specific E1-activating enzyme (Gong and Yeh
1999; Chen et al. 2000). NEDD8, and its yeast counter-
part Rub1, are highly conserved ubiquitin-like proteins
that, following cleavage, are conjugated with a number
of proteins (Kamitani et al. 1997). Like ubiquitination,
conjugation of NEDD8 to target proteins requires E1-3

Figure 5. In vitro ubiquitination of p53 by E4orf6 complexes.
(A) Lysates from Sf21 cells infected with baculoviruses encoding
E1B55K, Elongin B, Elongin C, HA–Cul5, and Myc–Rbx1, with
or without baculovirus encoding E4orf6, were immunoprecipi-
tated with anti-E4orf6 antibody (1D5). Increasing amounts of
purified p53 protein were incubated with the immunoprecipi-
tates and with yUba1, hUbc5a, and GST–UbK48R in ubiquiti-
nation reaction buffer. Reaction mixtures were incubated for 30
min at 25°C and analyzed by Western blotting using anti-p53
antibody (421). (B) p53 was incubated with immunoprecipitates
and with various combinations of yUba1, hUbc5a, and GST–
UbK48R. The indicated components were omitted from reac-
tions: E1, yUba1; E2, hUBC5a; GST-Ub, GST-UbK48R. HC in-
dicates heavy chain.
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activating, conjugating, and ligating enzymes, which are
distinct from enzymes of the ubiquitin conjugation path-
way (Osaka et al. 1998; Gong and Yeh 1999; for review,
see Yeh et al. 2000). A number of reports now indicate
that Cullins require modification by NEDD8 to partici-
pate in the degradation of target proteins (Freed et al.
1999; Hori et al. 1999; Liakopoulos et al. 1999; Wada et
al. 1999). Recently, it has been shown using ts41 cells
that ongoing neddylation is required by the SCF and
VHL–Elongin C–Cullin 2 complexes for the degradation
of targets in mammalian cells, including HIF1�, p27, and
I�B� (M. Ohh, J.J. Moslehi, Y. Chen, V. Chau, M.A. Read,
and W.G. Kaelin, in prep.). Thus, it appeared possible to
use ts41 cells to confirm that a Cullin-mediated pathway
is involved in the degradation of p53 by the adenovirus
E4orf6/E1B55K complex. Wild-type CHO and ts41 cells
were incubated at 33°C, and following infection with
adenovirus vectors expressing human p53 and E1B55K or
E4orf6, either singly or in combination, some cultures
were shifted to the nonpermissive temperature of 39°C.
Cell extracts were prepared and analyzed by Western
blotting using antibodies against p53, E4orf6, or E1B55K.

Figure 6A (right panel) shows that in wild-type CHO
cells, expression of both E4orf6 and E1B55K resulted in
the degradation of p53 at both temperatures. Little deg-
radation was apparent with E4orf6 alone; however, as
observed previously (Querido et al. 2001), some degrada-
tion was seen in both cell types using the E1B55K vector
alone, as low levels of E4orf6 are produced from the vec-
tor backbone, which contains the E4 region. In the case
of ts41 cells (Fig. 6A, left panel), p53 degradation by
E4orf6/E1B55K was also apparent at 33°C, but little deg-
radation occurred at the nonpermissive temperature of
39°C. Although these results leave open the possibility
that the defect in ts41 cells also affects other targets that
are indirectly involved, they do suggest that the mecha-
nism of degradation of p53 by E4orf6-E1B55 is dependent
on neddylation and is likely to require functional Cul-
lins, which are the best known targets of this form of
modification. As we found in Figure 2 that Cul5 was the
only Cullin to associate with E4orf6, it is likely that
Cul5 is the Cullin responsible for this process.
Treatment of CHO cells with the proteasome inhibi-

tors lactacystin or MG132 inhibited the degradation of

Figure 6. E4orf6/E1B55K require NED-
Dylated Cullins to degrade p53. (A) Wild-
type and ts41 Chinese hamster ovary
(CHO) cells maintained at 33°C were in-
fected with various combinations of adeno-
virus vectors for 48 h (see + at top). Vectors
included AdrtTA (vector control),
Adp53wt, AdE4orf6, and AdHH55K. Some
cultures were shifted to the 39°C for the
last 15 h of incubation. Whole cell extracts
analyzed by Western blotting using to de-
tect p53 (1801), E4orf6 (1807), E1B55K
(2A6), and actin. (B) CHO cells infected
with various combinations of adenovirus
vectors (as in A). Proteasome inhibitors
MG132, lactacystin, or their solvents were
added for the last 6 h of infection. Cell ex-
tracts were analyzed as in A.
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p53 by the E4orf6/E1B55K complex (Fig. 6B), confirming
that p53 turnover in these cells required functional pro-
teasomes.

Discussion

We and others had shown previously that the adenovirus
proteins E4orf6 and E1B55K function together to pro-
mote degradation of p53; however, little was known
about the mechanism of this process. Our previous work
using the inhibitor MG132 suggested that such degrada-
tion requires functional proteasomes (Querido et al.
2001). In this report, we have presented evidence that
assembly of E4orf6 into a multiprotein complex contain-
ing E1B55K, Elongins B and C, Cul5, and Rbx1 is re-
quired for E4orf6/E1B55K-dependent p53 turnover in
cells. In addition, we have shown that this E4orf6-con-
taining complex functions as an E3 ubiquitin ligase that
promotes ubiquitination of p53 in vitro. As modeled in
Figure 7, the E4orf6 complex is strikingly similar to VHL
and SCF E3 ubiquitin ligase complexes, in that each con-
tains a substrate recognition module linked to a Cullin–

Rbx1 subcomplex via either Elongin BC or the Elongin
C-like protein Skp1. The Cks1 cyclin-dependent kinase-
binding protein, recently shown to be required for SCF-
mediated degradation of p27Kip1 in vivo, is shown in the
SCF complex (Bartek and Lukas 2001; Spruck et al.
2001). Figure 7 also shows the positions of the substrate
(diamond), the E2-conjugating enzyme, and ubiquitin
proteins based on computer modeling and the recent elu-
cidation of the X-ray crystallographic structure of the
Skp1/Skp2/Cul1/Rbx1 complex (N. Zheng and N.P. Pav-
letich, pers. comm.). It should be noted that the interac-
tion interface between E4orf6 and the Cul5/Elongin BC/
Rbx1 complex has not yet been determined. E4orf6 con-
tains two putative BC-box sequences; however, the
interaction between E4orf6 and Elongins B and C was
unaffected by mutation of either BC-box sequence indi-
vidually (Q. Yin, J.W. Conaway, and R.C. Conaway, un-
publ.). Thus, it is possible that the interaction occurs by
a novel mechanism, and further studies will be required
to establish the precise nature of this interaction.
In addition, we are still unsure of the identity of the

ubiquitin-conjugating enzyme used by this complex.
Our in vitro studies used hUbc5; however, in vivo assays
detected HA-E2Cdc34 in association with E4orf6 com-
plexes (data not shown). Further studies will be required
to identify the conjugating enzyme(s) involved.
Several other questions also exist. Ubiquitination of

p53 in vitro was observed to occur at similar levels in the
presence or absence of E1B55K (data not shown). It is
possible that E4orf6 present in Cul5 complexes is no
longer able to bind p53 efficiently, and thus, E1B55K is
required to introduce high levels of the p53 substrate.
Additionaly, the role of E1B55K in vivo may be to posi-
tion p53 in the complex for optimal ubiquitination. In
support of this hypothesis, previous studies have shown
that E1B55K and E4orf6 must bind each other for p53
destabilization to occur (Cathomen and Weitzman 2000;
Querido et al. 2001). Furthermore, a recent study of
E1B55K single amino-acid substitution mutants found
that E1B55K R240A, although still able to bind E4orf6
and support viral late gene expression, was defective in
binding p53 (Shen et al. 2001). Significantly, an adenovi-
rus encoding this mutant as well as wild-type E4orf6,
ONYX-051, lost the ability to target p53 for degradation.
It is also possible that E1B55K is required to supply a
nuclear export signal (Kratzer et al. 2000; Dosch et al.
2001). Previous studies indicated that deletion of the
E4orf6 NES had little effect on p53 degradation by
E4orf6/E1B55K (Querido et al. 2001); however, it is still
unclear if degradation occurs via cytoplasmic protea-
somes following shuttling to the cytoplasm, as is the
case with MDM2-mediated p53 degradation (Lain et al.
1999), or if it occurs via nuclear proteasomes. One final
question arises because of our observation that the effi-
ciency of p53 ubiquitination in our reconstituted system
is relatively inefficient. Many SCF ubiquitin ligases spe-
cifically recognize phosphorylated substrates (Patton et
al. 1998). Similarly, recognition of HIF1� by the VHL
ubiquitin ligase depends on prior hydroxylation of a pro-
line residue within the HIF1� oxygen-dependent degra-

Figure 7. Parallels between the SCF, VHL, and E4orf6 ubiqui-
tin ligase complexes. The SCF (top), VHL (middle), and E4orf6
(bottom) ubiquitin ligase complexes have been illustrated. (B)
Elongin B; (C) Elongin C; (p27) p27Kip1; (Ub) ubiquitin; (orf6) Ad5
E4orf6; (55K) Ad5 E1B55K; (Cul1) the mammalian homolog of
Cdc53; and (Rbx1) Rbx1/ROC1. The architecture of the SCF
complex shown is based on the X-ray structure of a Skp1/Skp2/
Cul1/Rbx1 crystal determined recently (N. Zheng and N.P. Pav-
letich, pers. comm.). Models of the VHL and E4orf6 complexes
are theoretical only, and the interaction interface between
E4orf6 and the Cul5/Elongin BC/Rbx1 complex has not yet been
determined.
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dation domain (Ivan et al. 2001; Jaakkola et al. 2001). By
analogy, it is possible that the majority of the recombi-
nant p53 used in our reactions is not appropriately modi-
fied and accordingly is not recognized by the E4orf6 com-
plex. An interesting recent finding suggests that p53
must be phosphorylated by the COP9 signalosome be-
fore being recognized by the HPV E6/E6AP and MDM2
E3 ligases for ubiquitin-mediated degradation to take
place (Bech-Otschir et al. 2001). This or a related process
may represent a general requirement for degradation of
p53 by ubiquitin-dependent pathways and may explain
the low levels of p53 ubiquitination observed in vitro.
Alternatively, efficient ubiquitination of p53 may re-
quire additional activities not present in our reconsti-
tuted reactions.
Information on the mechanism of action of viral pro-

teins has often led to insights into previously unrecog-
nized normal cellular pathways. The present studies in-
dicate that E4orf6 may have evolved functions that par-
allel those of unidentified cellular regulators of p53
degradation. It is tempting to speculate that cells may
contain cellular E4orf6 homologs that function with
Cullin-containing complexes to regulate the degradation
of p53.

Materials and methods

Cells

Human small cell carcinoma H1299 cells carrying a homolo-
gous deletion of the p53 gene (Mitsudomi et al. 1992), CHO
cells, and derivative ts41 cells (Hirshberg and Marcus 1982)
were maintained in Dulbecco’s modified Eagle’s medium
(GIBCO BRL) supplemented with 10% fetal calf serum
(CanSera). Sf21 insect cells were cultured as described previ-
ously (Kamura et al. 1998).

Vectors

The adenovirus vectors used in this study are derivatives of
vectors described by Bacchetti and Graham (1993). They are
deleted in the E1 and E3B regions, and the gene of interest is
inserted in the E1 region under the cytomegalovirus (CMV) pro-
moter. Because the E1A coding region is absent, the resident
Ad5 vector genes are expressed at almost undetectable levels.
AdLacZ expresses the Escherichia coli �-galactosidase gene, and
Adp53wt expresses human wild-type p53 (Bacchetti and Gra-
ham 1993). The adenovirus vectors AdHH55K, expressing HMK
and histidine-tagged Ad5 E1B55K, and AdE4orf6, expressing
Ad5 E4orf6, were described previously (Querido et al. 1997a).
AdrtTA, which was used as a control vector in some cases,
expresses reverse tetracycline transactivator protein (Gossen et
al. 1995) and was produced by standard methods (Bett et al.
1994). The HPC4–Elongin B, HSV–Elongin C, and MYC–Rbx1
baculovirus vectors are described in Kamura et al. (1999), and
the HA–Cul5 baculovirus vector is described in Kamura et al.
(2001). E4orf6 and E1B55K were subcloned into BacPAK8, and
recombinant baculoviruses were generated with the BacPAK
baculovirus expression system (Clontech). HA–Cul2 and HA–
Cul5 were expressed in mammalian cells using pcDNA3 and
pCI–neo vectors, respectively. The following plasmids were also
used: MycRbx1 encodes myc-tagged murine Rbx1 (Kamura et

al. 1999), HA–E2cdc34 expresses HA-tagged human E2cdc34
(Lisztwan et al. 1998), and Flag-VHL encodes human Flag-tagged
VHL (Kamura et al. 1999). Plasmids encoding human Cul1,
Cul2, Cul3, and Cul5 andmouse Cul4A, are described inMichel
and Xiong (1998). The plasmid pcDNA3 p53 wt encodes human
wild-type p53, and pCA14 HH55K encodes HMK and histidine-
tagged Ad5 E1B55K. The pcDNA3 E4orf6 wild-type plasmid, as
well as all in-frame deletion mutants generated using PCR-
based protocols, are described in Querido et al. 2001.

Antisera

Anti-E4orf6 mouse monoclonal antibody 1D5 was described in
Querido et al. (2001), and E4orf6-specific rabbit polyclonal an-
tibody 1807 was described in Boivin et al. (1999). Anti-p53
pAb421 and pAb1801 hybridoma supernatants were prepared as
described in Querido et al. (2001). E1B55Kwas detected with the
2A6 monoclonal antibody (Sarnow et al. 1982). Anti-Elongin A,
anti-Elongin B, and anti-Elongin C goat polyclonal antibodies
were purchased from Santa Cruz Biotechnology, and Ig32 anti-
VHL mouse monoclonal antibody was from Pharmingen. The
rabbit polyclonal antibody generated against the C terminus of
rabbit VACM-1 was a generous gift from Maria Burnatowska-
Hledin (Hope College, Holland, MI). A rabbit polyclonal anti-
body against human Cul5 was made for us by Genemed Syn-
thesis Inc. using a synthetic peptide (EHKIRRDESDINTFIYMA)
corresponding to the C terminus of human Cul5. Anti-Myc
9E10 antibody (Santa Cruz), anti-HA mouse monoclonal HA.11
(BAbCO) and mouse monoclonal 12CA5 (Boehringer-Mann-
heim), and anti-Flag M2 antibody (Sigma), were used to detect
the tagged epitopes. The anti-�-actin mouse monoclonal anti-
body was a generous gift from Gordon Shore (McGill Univer-
sity, Quebec, Canada).

Identification of E4orf6-binding proteins

H1299 cells growing on 100-mm-diameter dishes (Corning
Glass Works, NY) were infected at a multiplicity of infection
(MOI) of 30 plaque-forming units (pfu) per cell with the indi-
cated adenovirus vectors. Cell cultures were labeled from 18 to
22 h postinfection with 200 µCi per plate of [35S]methionine/
[35S]cysteine EasyTag Express protein labeling mix (>1000 Ci/
mmole; DuPont NEN) in methionine/cysteine-free medium.
Whole cell extracts were then prepared in nonionic detergent
lysis buffer X (50 mM Tris-HCl at pH 8.0, containing 250 mM
NaCl, 1%NP-40, 1 mM EDTA, 1 mM EGTA, and 2 µg/mL each
of aprotinin, leupeptin, and pepstatin), immunoprecipitated us-
ing 1D5 anti-E4orf6 antibody, and analyzed by SDS-PAGE and
autoradiography, as described previously (Boivin et al. 1999).
Prestained standard size markers (Bio-Rad) were used, and their
positions are indicated in Figure 1A. The potential identities
shown for the p84, p19, and p14 species were derived from mass
spectroscopy analysis of tryptic peptides derived from gel-puri-
fied material (Borealis Biosciences, Toronto, Canada). For the
analysis of complex formation using E4orf6 deletion mutants, a
study similar to that of Figure 1A was performed in H1299 cells,
except that cells in 100-mm-diameter plates were transfected
according to the GIBCO BRL Lipofectin protocol with 10 µg of
pcDNA3 plasmid DNA encoding wild-type or mutant E4orf6.

E4orf6 protein-binding assays

In some cases, H1299 cells growing in 100-mm-diameter dishes
were infected with adenovirus vectors, whereas in other cases,
H1299 cells were seeded in 60-mm plates and lipofected accord-
ing to the GIBCO BRL Lipofection protocol with 2 µg total of
plasmid DNA. After 24 h, whole cell extracts were prepared in
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buffer X, immunoprecipitations were performed with the indi-
cated antibodies, and samples were separated by SDS-PAGE.
Following transfer to nitrocellulose (Schleicher & Schuell/Op-
titran), Western blotting was performed, and species were visu-
alized by enhanced chemiluminescence (NEN LifeScience). For
the binding assays of E4orf6 with the various Cullins, immu-
noprecipitates were prepared from AdLacZ- or AdE4orf6-in-
fected H1299 cells using 1D5 anti-E4orf6 antibody. Following
the final wash, the precipitates were divided into five equal
portions, resuspended in 100 µL of buffer X and combined with
a 10 µL aliquot of samples containing various Cullins, human
Cul1, Cul2, Cul3, and Cul5 and mouse Cul4A (Michel and
Xiong 1998), which were synthesized using a standard in vitro
transcription/translation kit (TnT, Promega) in the presence of
40 µCi of translation grade [35S]methionine (Dupont-NEN).
The mixtures were incubated at room temperature for 1 h, and
after five washes with buffer X, the precipitates were separated
by SDS-PAGE. The presence of labeled Cullins was assessed by
autoradiography.

In vivo p53 degradation assays

The E4orf6/E1B55K-induced p53 turnover was studied using ei-
ther plasmids or adenovirus vectors to introduce the viral pro-
teins and p53 into cells, as described more fully in Querido et al.
(2001). H1299 cells were grown on 60-mm dishes and trans-
fected using 12 µL of Lipofectin reagent (GIBCO BRL) with the
following plasmid DNAs: 1 µg of pcDNA3 p53wt, 4 µg of
pCA14 HH55K, and 4 µg of pcDNA3 E4orf6 (expressing wild-
type or mutant E4orf6 proteins). Total plasmid DNA was kept
equal by adding empty pcDNA3 plasmid DNA. Expression from
all plasmid DNAs was under the CMV promoter. After 24 h,
cells were harvested and lysed in Western blot lysis buffer (50
mM HEPES at pH 7.9, containing 400 mM KCl, 0.1% NP-40, 4
mM NaF, 4 mM NaVO4, 0.2 mM EDTA, 0.2 mM EGTA, 2
mg/mL aprotinin, leupeptin, and pepstatin, and 1 mM dithio-
threitol). Protein concentrations were measured by the Bradford
assay (Bio-Rad), and 40 µg of each extracts was separated by
SDS-PAGE and immunoblotted with anti-p53, anti-E1B55K, or
anti-E4orf6 antibody. The E4orf6 immunoblots were checked
for the equivalent expression of each E4orf6 mutant, and the
E1B55K expression, which did not vary, allowed us to verify
equal transfection efficiency. Equal sample loading was verified
by staining the membranes with Ponceau S red (Sigma) after
transfer. Wild-type CHO cells and ts41 cells (Hirschberg and
Marcus 1982) were infected with various combinations of ad-
enovirus vectors at an MOI of 90 pfu per cell for each virus.
Vectors included AdrTTA, Adp53wt, AdE4orf6, and AdHH55K.
The total amount of virus was kept constant at 270 pfu per cell
by adding AdrTTA (vector control) virus as needed. Cells were
harvested 48 h after infection, and cell extracts were prepared
and analysed as above. Western blotting was performed with
anti-p53, anti-E1B55K, anti-E4orf6, or anti-actin antibody. In
some cases, wild-type CHO cells were also treated with protea-
some inhibitors MG132 (20 µM, Calbiochem), lactacysteine (20
µM, Calbiochem) or their solvents, ethanol (0.2%) and DMSO
(0.2%) for the last 6 h of infection.

Reconstitution of E4orf6 complexes in Sf21 cells

Plates containing 1 × 106 Sf21 cells were infected with baculo-
viruses encoding various proteins. Cells were lysed in 1 mL of
40 mM HEPES-NaOH (pH 7.9), containing 150 mM NaCl, 1
mM DTT, 0.5% (v/v) Triton X-100, 10% (v/v) glycerol, 5 µg/mL
leupeptin, 5 µg/mL antipain, 5 µg/mL pepstatin A, and 5 µg/mL
aprotinin. Approximately 100 µg of Sf21 cell lysate was immu-

noprecipitated with either 2 µg of anti-HA (12CA5) or 2 µg of
anti-E4orf6 (1D5) antibody and 10 µL of protein A Sepharose.
Crude lysates and washed immune complexes were separated
by SDS-PAGE and immunoblotted with the indicated antibod-
ies.

In vitro p53 ubiquitination assay

Lysates from Sf21 cells infected with baculoviruses encoding
E1B55K, Elongin B, Elongin C, HA–Cul5, and Rbx1, with or
without E4orf6 baculovirus, were immunoprecipitated with
1D5 antibody. To the precipitates was added 0, 20, or 65 ng of
recombinant histidine-tagged p53 protein (Wang et al. 1993)
that had been expressed in insect cells and purified by nickel
chromatography, as described previously (Kamura et al. 1999)
and the mixtures were incubated with 50 ng of yUba1, 100 ng of
hUbc5a, or 500 ng of GST–UbK48R in 10 µL of ubiquitination
reaction buffer (40 mM HEPES-NaOH at pH 7.9, containing 60
mM potassium acetate, 2 mM DTT, 6 mM MgCl2, and 0.5 mM
EDTA at pH 7.9, 10% [v/v] glycerol, and 1.5 mMATP). Reaction
mixtures were incubated for 30 min at 25°C, separated by SDS-
PAGE, and analyzed byWestern blotting with anti-p53 antibody
(pAB421).

Confocal microscopy

H1299 cells were seeded in four-chamber culture slides (Falcon)
and transfected with 0.4 µg of plasmid DNA according to the
GIBCO BRL Lipofection protocol. After 24 h, cells were fixed
with 4% paraformaldehyde and permeabilized with PBS 0.1%
Triton X-100. A solution of PBS with 3% bovine serum albumin
was used for blocking and antibody incubation. E4orf6 was de-
tected using rabbit polyclonal 1807 antibody and Alexa 594 (red)
anti-rabbit IgG antibody (Molecular Probes). Recombinant Cul-
lin proteins tagged with the HA epitope were detected using
mouse monoclonal anti-HA.11 antibody (BAbCO) and Alexa
488 (green) anti-mouse antibody (Molecular Probes). The fluo-
rophores were visualized using a laser confocal Zeiss micro-
scope.
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